Introduction
Gold nanoparticles (Au-NPs) have shown remarkable potential for a wide range of applications due to their unusual optical, chemical, photo-electrochemical and catalytic properties. [1] [2] [3] [4] However their high surface activity leads to a tendency to aggregate, reducing their activity as catalysts. 5 This can be overcome by dispersing the NPs within a suitable support. 6 For this purpose, both synthetic and natural polymers have been used. [7] [8] [9] For example, Kurodo et al. dispersed Au-NPs onto poly(methyl methacrylate) beads and reported excellent catalytic activity for the reduction of 4-nitrophenol. 10 The current quest for cleaner and more sustainable materials makes replacing petrochemical-based feedstocks with biobased, natural polymers for support materials desirable. 11 Using a natural polymer as the support matrix into which to disperse catalytic NPs could not only be a more sustainable option but also reduce the environmental impact of their disposal after use. Many such polymers contain large numbers of hydrophilic groups which facilitate the dispersion and stabilization of NPs. 12, 13 Chitosan is a natural, biodegradable polysaccharide comprising both glucosamine and acetyl-glucosamine units. 14 Its flexibility and membrane-forming ability as well as its insolubility in most solvents together with the large number of functional groups have been exploited in applications such as metal ion sorption, drug delivery and catalysis. 15 Chitosan is an excellent candidate as a sustainable support for catalysts 16, 17 as demonstrated by Guo et al. 18 who reported the aerobic oxidation of cyclohexane by chitosan/iron tetraphenylporphyrin. Chitosan membranes containing palladium were used by Zeng et al. 19 for the heterogeneous catalysis of cross-coupling reactions. The mechanical frailty of chitosan can be reduced by blending with flexible polymers, by crosslinking or by adding nanofillers. 20, 21 Reinforcing chitosan with carbon nanotubes (CNTs) has been shown to enhance its thermo-mechanical properties. 22 Recently, Aztatzi-Pluma et al. 23 demonstrated the nature of the molecular interactions between functionalized CNTs and chitosan. CNTs are inherently inert but easily agglomerate and entangle due to strong van der Waals interactions. 24 To overcome this, CNTs have been functionalized using a number of chemical methods and also by irradiation techniques. [25] [26] [27] The use of ionizing radiation for functionalizing CNTs is a potentially cleaner approach than using wet-chemical methods. It is very effective in creating functional groups on the surface of the CNTs. Adding irradiated CNTs to a chitosan matrix could potentially improve the thermo-mechanical performance as well as providing a large surface area to coordinate the catalyst. [28] [29] [30] [31] [32] Moreover, functionalized CNTs could enhance catalysis by coordinating substrate molecules through a range of non-covalent bonding interactions as well as by enhancing the accessibility of substrate molecules. 33 Aromatic amines are key intermediates in many agricultural chemicals as well as in surfactants, polymers and dyeing agents. Conventionally, catalytic hydrogenation and other chemical reduction methods have been employed. 34, 35 The widely used iron-HCl system requires large amounts of iron which makes the process costly and generates toxic waste and effluent (typically 1.2 kg of Fe-FeO sludge per kg of product). 36 Thus the overall process is environmentally hazardous and there is a growing need to replace it with cleaner, non-toxic, reusable and eco-friendly methods.
This study introduces such an efficient, eco-friendly nanocatalyst system which potentially overcomes these environmental problems. Chemical free functionalization of CNTs was performed using gamma irradiation. Both Au-NPs and functionalized CNTs have been incorporated into a chitosan matrix and crosslinked using small amounts of vinyl triethoxy silane (VTES). Catalysis of the reduction of 4nitrophenol to 4-aminophenol (4-AP) using sodium borohydride, a comparatively mild and cleaner reducing agent, has been investigated as a model reaction.
Experimental

Chemicals and materials
Gold chloride, 4-nitrophenol (4-NP), 4-aminophenol (4-AP), sodium borohydride (NaBH 4 ), chitosan (C3646, 75% deactylated), poly(vinyl alcohol) (PVA, Mw: 146,000-186,000), poly(vinyl pyrrolidone) (PVP, average Mw: 40,000), tetraethylorthosilicate, (TEOS), VTES, potassium persulfate (KPS), acetic acid, sodium hydroxide, hydrochloric acid and ethanol were obtained from Sigma-Aldrich (UK) and used without further purification. CNTs, diameter 9.5 nm, and average length 1.5 µm were purchased from Korea (NANOCYL). CNTs were treated with gamma radiation at Pakistan Radiation Services using 60 Co gamma irradiator (Model JS-7900, IR-148, ATCOP) in air at a dose rate of 1.02 kGy/h to give a total absorbed dose of 200 kGy.
Synthesis of Gold nanoparticles
Au-NPs were synthesized by a previously reported method. 38 . The presence of Au-NPs was confirmed by observing the peak around 520 nm in the UV-Vis absorbance spectrum.
Preparation of nanocomposites
Gold nanoparticles were dispersed in chitosan to give a nanocomposite -indicated here by Chi/Au -by modifying a previously published procedure. 39 Chitosan (1.8 g) was dissolved in 100 cm 3 of 2% (w/v) acetic acid and 50 cm 3 of Au-NPs from the above suspension was dispersed into the solution using an ultrasonic horn (Sonic Processor L500-20, Sonic Systems) for 10 min at an intensity of 12 W cm -2 . PVA and PVP (10 mg each) were separately dissolved in 10 cm 3 water. The solutions were mixed and VTES (15.5 µL) and KPS (12.5 mg) added before heating to 70 °C for 1 h. The mixture was then added to the chitosan solution containing TEOS (15.5 µL, hydrolyzed) and sonicated for 1 h at 45°C under the same conditions as above. After 1 h sonication, the solution was poured into dishes and allowed to dry at room temperature.
To prepare nanocomposites containing both AuNPs and CNTs -indicated by Chi/Au/CNTs -the same procedure was used except that 1.25 mg of CNTs was dispersed in the PVP solution using the ultrasound horn before mixing with the PVA solution.
Measurements and characterization
UV-visible spectra were recorded on an Agilent-8453 spectrophotometer using a quartz cell with path length 0.10 cm. For Transmission Electron Microscope (TEM) studies of Au-NPs, 1.0 µL of the aqueous suspension was placed on a carboncoated Cu-grid (200 mesh) and the solvent allowed to evaporate at room temperature. After drying the samples were kept in a vacuum desiccator overnight. TEM measurements were carried out on a JEOL JEM 1200 EXII instrument operated at an accelerating voltage of 120.0 kV. To image the nanocomposites, a small amount was suspended in ethanol by sonication for 30 s and 1.0 µL was dropped onto a Cu-grid and allowed to dry overnight in vacuum desiccator.
The surface morphology of the nanocomposites was observed using JEOL SEM-6480LV scanning electron microscope (SEM) operating at 120.0 kV. Samples of Chi/Au and Chi/Au/CNTs were prepared by swelling in distilled water and freeze drying using a Bench-Top Pro Freeze-Dryer. The freeze dried samples were held on a SEM holder by using carbon tape and vacuum dried before coating with gold using an Edwards Sputter Coater-S150B. For energy-dispersive spectrometry (EDX), samples were not coated with gold.
Tensile tests on the films were carried out at room temperature using an Instron model 3369 material tester. A 100 N load cell was used with an extension rate of 2 mm min -1 .
The samples were cut into dumbbell shape with dimensions 30.3 mm × 0.12 mm × 5.5 mm. Dynamic mechanical thermal analysis (DMTA) was performed on a TRITEC 2000 DMA, Lacerta, using samples cut into strips with dimensions 5.24 mm × 6.73 mm × 0.10 mm. Dynamic mechanical spectra were recorded at a frequency of 1 Hz over a temperature range from 60 ͦ C to 260 ͦ C with a heating rate of 2 ͦ C min -1 .
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The formation of Au-NPs was confirmed by the ruby-red color of the colloidal solution arising from excitation of surface plasmon vibrations. The TEM images of the nanoparticles shown in Fig. 1 (a, b ) demonstrate that they are spherical with diameters of 12-15 nm. This is also supported by their UV-Vis spectrum shown in Fig. 1c . The characteristic peak at 520 nm remained unchanged after storage for several weeks in a dark refrigerator. 
Characterization of nanocomposites
Transmission Electron Microscopy. Fig. 2 shows TEM images of nanocomposite films both with (Chi/Au/CNTs, Fig. 2(b) ) and without (Chi/Au, Fig. 2(a) ) functionalized carbon nanotubes. Both images show uniform distribution of Au-NPs in the polymer matrix. This uniform distribution indicates of the stabilizing ability of chitosan 12, 40 through the large number of hydrophilic groups that can interact with the nanoparticles. 41 It is also notable that the size of the dispersed Au-NPs falls from ̴ 12 nm to 9.5 nm. Although this is close to the uncertainty in the measurements, it may be due to the ultrasonication. Okitsu et al. reported that the shock waves produced during high intensity sonication can reduce the size of gold nanoparticles. 42 Fig 2b also suggests a homogeneous dispersion of the CNTs in Chi/Au/CNTs nanocomposite.
Scanning Electron Microscopy and infra-red spectroscopy (FTIR).
The SEM micrographs and the EDX results for both nanocomposites are shown in Fig. 3 . They show that Chi/Au (3A -3C) exhibited a different morphology than Chi/Au/CNTs (3D -3G). Elemental analysis by EDX ( Fig. 2D and 2H ) also confirms the presence of silicon arising from the silane crosslinker. Both nanocomposites are porous although the pore size is larger in Chi/Au than Chi/Au/CNTs. This porous network is responsible for the high degree of swelling reported in the literature. 43 Chi/Au/CNTs has a more compact and thread like surface which can be attributed to more efficient blending of the components in the matrix. 43 The more compact structure of Chi/Au/CNTs also results in increased mechanical strength of the nanocomposite films (see below). The FTIR spectra of chitosan and the two nanocomposite membranes are shown in Fig. 4 (a, b) . Peaks characteristic of amine and amide groups can be seen around 1650, 1565 and 1370 cm -1 in the spectrum of native chitosan. In the spectra of the nanocomposites, these peaks are shifted slightly, suggesting that the complexation of Au-NPs occurs through these groups of chitosan. Peaks characteristic of the CNTs can also be seen around 2100 cm -1 . Significantly, there is no change in the spectra after the composite films have been used for catalysis.
Thermo-mechanical Properties. Table 1 illustrates some mechanical properties of the nanocomposite films. The tensile strength and toughness of Chi/Au/CNTs is increased by around a half by the addition of CNTs. The elongation at break is also higher for Chi/Au/CNTs. Further information can be gained from the tensile measurements depicted in Fig 4(c) . The increased strength allows a higher stress before breakage and it is interesting that Chi/Au films break since they are brittle whereas Chi/Au/CNTs films show yield behavior. Tang et al. also reported that improved strength and toughness arose by incorporating functionalized nanofillers into chitosan 21 while
Wang et al. also reported that improved mechanical properties of chitosan resulted from the addition of CNTs. 44 The results are also consistent with the SEM images above which show the uniform distribution of CNTs into the chitosan. This good dispersion suggests high interfacial adhesion via strong polar interactions and hydrogen bonding between the functionalized CNTs and the chitosan matrix which in turn leads to the enhanced mechanical properties. DMTA is a very useful method for detecting changes of internal molecular mobility and in probing the phase structure and morphology in polymer films and membranes. The DMTA complex spectra of storage modulus (Eշ ) and tan δ for Chi/Au and Chi/Au/CNTs are shown in Fig. 4 (d) .
There is an indication of transition around 140 °C in Chi/Au although this increases to around 175°C for Chi/Au/CNTs. The storage modulus of Chi/Au/CNTs is much higher at low temperatures indicating a greater ability of the nanocomposites to absorb energy, consistent with the mechanical properties discussed earlier where Chi/Au/CNTs yields under strain while Chi/Au is brittle. The tan δ values are generally similar for both materials at low temperatures. No transitions are observed in Chi/Au but in Chi/Au/CNTs transitions are observed at ∼170 °C and at ∼250 °C. Such spectra are often associated with glass transitions although it is difficult to see how such transitions could arise in Chi/Au/CNTs and they may be due to changing interactions of the CNTs with the matrix. The storage modulus for Chi/Au/CNTs is significantly higher at low temperatures than the composite without CNTs. This indicates a more elastic solid and is again consistent with the room temperature tensile properties discussed above. This elasticity is lost with temperature and the inclusion of CNTs loses effect above ∼160 °C. However, since catalysis of reactions at or around room temperature is envisaged here, this should have no bearing on our subsequent results.
Catalysis Study
The catalytic activity of the Au-nanocomposite films was tested using the reduction of 4-NP by NaBH 4 as a model reaction. The reaction was monitored by UV-Visible spectrometry (Fig. 5 ). The mixture of 4-NP and NaBH 4 shows a λ max at 400 nm, corresponding to the nitrophenolate anion. 48, 49 In the absence of the gold catalyst, this solution is stable and no change in absorbance was observed over several hours. After the addition of a small piece of Chi/Au nanocomposite membrane to the reaction mixture, a gradual decrease in the intensity of the peak at 400 nm was observed ( Fig. 5(a) ) and the greenish yellow color of the 4-phenolate anion disappeared 50 over a period of around five minutes. 51 The catalysis by Chi/Au/CNTs was also measured under identical conditions with the same mass of gold. The reaction was faster and reduction was complete in less than three minutes. Analysis of the kinetics (Fig. 5(c) ) showed that there was a significant induction period before the reduction commenced, presumably due to the time required for the substrate to diffuse into the membrane and encounter the catalytic nanoparticles. This was much reduced in Chi/Au/CNTs Please do not adjust margins Please do not adjust margins indicating that the CNTs make the gold more accessible and facilitating the adsorption of the substrates to react at the catalyst. Once the reaction was established, it proceeded at similar rates in each case, the measured pseudo-first order 52 rate constants being 0.028 s -1 for Chi/Au/CNTs and 0.021 s -1 for
Chi/Au. The probable reaction mechanism is shown in Fig. 6 . Significantly, no reaction was observed when pure CNTs, chitosan or chitosan-CNT films were added to the reaction (Fig.  7) . Stability, reusability and recovery of catalyst membrane. For industrial applications, the longer term stability and reusability of a catalyst is very important. As a preliminary exploration, our catalyst films were used a number of times. After each reaction cycle, the nanocomposites were washed three times with distilled water before being introduced to a fresh batch of reactants.
It was found that the Chi/Au catalyst retained its maximum activity for only two cycles. After the third cycle, the high degree of swelling in the reaction mixture and lack of mechanical strength caused the membrane to break up and lose its cohesiveness as shown in Fig. 7 . Some reduced catalytic activity was retained since the Au-NPs were still present. Fig. 6 . Probable reaction mechanism of the catalytic activity at the nanocomposite In contrast the Chi/Au/CNTs membranes remained intact even after 10 recycles and they retained their full catalytic activity. It was also observed that the time to reaction completion did not vary by more than a few seconds. No loss of Au-NPs during the reuse cycle was observed in the absorbance spectra of the product solutions. This is again indicative of the strong interactions between chitosan and the functional groups on the CNTs introduced during irradiation. 39, 45 These interactions not only enhance the mechanical properties of the matrix but also bind the Au-NPs tightly preventing leaching during catalysis. 46, 47 Please do not adjust margins Please do not adjust margins The recovery of the catalyst after completing the reaction is also an important factor. In many of the published NP catalyzed systems, direct recovery of the NPs is difficult. For example, in the work of Rajesh et al., recovery of the catalyst needs centrifugation. 36 This is one of the primary reasons for employing a support. In our case the catalyst is in the form of a compact membrane which can simply be lifted from the reaction mixture. Although we have not addressed this factor in detail in the present work, there were no signs of loss of Au into the reaction so that recovery should be extremely efficient. Further work is required to completely characterize the long term efficacy and usefulness of our system but the initial results show great promise. The form of the catalyst is also convenient for ready inclusion in a flow system, for example by passing the substrate solution through a filter-bed or by lining a reactor with the nanocomposite membrane.
Here, recovery would not be necessary as long as the NPs retain activity for extended periods of time. While further work is needed to characterize the catalytic performance of the membranes using a wider range of more challenging substrates and a wider range of conditions, the methodology shows considerable promise as a sustainable system for catalyst support.
Conclusions
This work demonstrates the preparation and potential catalytic applications of nanocomposite membranes consisting of gold nanoparticles coated onto CNTs supported in a chitosan matrix. The nanocomposite contained ∼ 10 nm diameter gold nanoparticles which were catalytically active for the borohydride reduction of 4-NP. The morphology of the nanocomposite indicated consistent dispersion of the nanoparticles with no agglomeration. The addition of γ-treated CNTs not only accelerated the rate of reaction by significantly shortening the induction time but improved the mechanical strength of the film such that it could be reused up to ten times with no loss of efficiency. Taking into account the broad prospective of using CNTs as active supports for Au-NPs, the approach outlined here offers new possibilities for the development of various hybrid systems for a diverse range of applications. Most significantly, the synthesized nanocomposites are in the form of membranes which makes them easy to recover and to incorporate into flow systems with a variety of configurations.
